Abstract: An absorption refrigeration system (ARS) is an alternative to the conventional mechanical compression system for cold production. This study developed a novel calculation model using the Matlab language for the thermodynamic analysis of ARS. It was found to be reliable in LiCl-H 2 O and LiBr-H 2 O ARS simulations and the parametric study was performed in detail. Moreover, two 50 kW water-cooled single effect absorption chillers were simply designed to analyze their off-design behaviors. The results indicate that LiCl-H 2 O ARS had a higher coefficient of performance (COP) and exergetic efficiency, particularly in the lower generator or higher condenser temperature conditions, but it operated more restrictively due to crystallization. The off-design analyses revealed that the preponderant performance of LiCl-H 2 O ARS was mainly due to its better solution properties because the temperature of each component was almost the same for both chillers in the operation. The optimum inlet temperature of hot water for LiCl-H 2 O (83 • C) was lower than that of LiBr-H 2 O (98 • C). The cooling water inlet temperature should be controlled within 41 • C, otherwise the performances are discounted heavily. The COP and cooling capacity could be improved by increasing the temperature of hot water or chilled water properly, contrary to the exergetic efficiency.
Introduction
As a promising technology to use low thermal potential energy and renewable energy, an absorption refrigeration system (ARS) is getting significant attention nowadays because it can be driven by waste heat [1] , biomass [2] , solar [3] , geothermal energy [4] , etc., instead of conventional compression-work-driven chillers. Furthermore, the ARS typically uses water as a refrigerant and the working fluids of system operation are environmentally friendly with zero global warming potential (GWP) and ozone depletion potential (ODP) [5] .
In the ARS, the type of absorbent-refrigerant pair selected plays a major role in the performance. Sun et al. [6] has presented a complete review of working pairs of absorption cycles by dividing them into five general series according to the kinds of refrigerant. However, there are limited pairs commercially available from very large to small capacities. Among them, the most commonly used pairs are lithium bromide-water (LiBr-H 2 O) for a higher coefficient of performance (COP) and aqua ammonia (H 2 O-NH 3 ) for producing cold at a lower temperature level [7] . A H 2 O-NH 3 ARS is more complicated as it requires a rectifier mechanism to separate water vapor from ammonia, whereas the main problem for LiBr-H 2 O ARS is the crystallization, which is also present for other salt-based between experimental and numerical values were approximately 5% and 0.3% in the chilled and cold water circuits, respectively, when the variable overall coefficients were considered. Similarly, Olivier [26] presented the dynamic modeling of a 30 kW single effect LiBr-H 2 O absorption chiller considering both the transient and steady state phases. The simulation results agreed very well with the experimental measurements with the mean absolute errors lower than 1 • C for the outlet temperatures of external water circuits in the components. In addition, Kohlenbach and Ziegler [27, 28] built a dynamic model of absorption chiller based on internal and external steady-state enthalpy balances and took into account the mass and thermal storage terms as well as the solution transport delay in the components of the chiller. Results indicate that the deviations between the simulation and experimental data were approximately 1-3% in magnitude for the dynamic state and 0.7-3.5 K in temperature for steady state.
The above dynamic models with different approaches are applied to predict the reaction of the absorption chiller to the change of external conditions. However, the above studies created whole dynamic models that require specific information on the physical configurations of vessels for the heat exchanger surface area and characteristics of the inner and outer fluids in each component to calculate the heat transfer coefficient, which are hardly obtained from a commercial absorption chiller or supplied by manufacturers. In fact, the basic heat transfer characteristics in the components could be obtained from the design parameters. Different with the dynamic model, the observation of chiller's behaviors varying with time is not the aim of our work. The intention of the present study is to conduct a quick prediction of the off-design performance of the chiller under a steady state and examine the effects of external fluids on the system's operation. This is much easier to achieve by the new method with no need of detailed information or a complex mathematical model. More importantly, the dynamic models developed above are used only for conventional LiBr-H 2 O absorption chillers, not for other alternative working pairs like LiCl-H 2 O.
In another field of investigations, different methodologies have been proposed to analyze such commercial equipment by adding all operating characteristics of the chiller into a set of simple algebraic equations, which avoids the extensive information of the machine and complex numerical simulations. Hellmann et al. [29] developed a method using a so-called characteristic equation, which is able to approximate the part load behavior of single effect absorption chillers and heat pumps. In the following research, Puig [30] extended the adaptation of the characteristic equation method to double-effect commercial chillers. Gutiérrez-Urueta [31] obtained an extension of the characteristic equation method for adiabatic absorption based on a characteristic temperature difference, taking into account the facility features. However, these models use a multiple linear regression algorithm, where the accuracy relies on experimental or the manufacturer's data. Though the method requires less information about the chiller, it is limited to predictive the heat flow variation with temperature in a specific machine. The operating parameters of state points in the internal and external fluids are unable to be observed, which is available in our model. Furthermore, it is necessary to select the recorded data from the manufacturer's catalogue or measurements first, which have a great influence on the results. Thus, the characteristic equation method is merely appropriate for the existing commercial equipment and scarcely applied to LiCl-H 2 O or other alternative working pairs, the same as the above dynamic model. Also, it hardly provides advice on the parameter or structure optimization of the chiller in the design. The commonality between this method and ours is that the simulations are based on steady-state conditions in the process.
This study developed a novel calculation method of ARS rarely used in other literatures. The model is based on energy and mass balances and the Dühring equation to describe the primary absorption cycle, and it is reliable and validated in the study of the LiCl-H 2 O and LiBr-H 2 O ARS simulations. Furthermore, the performance of LiCl-H 2 O ARS has been examined comprehensively to complement the previous studies. Furthermore, this study is worthwhile because the variations of LiCl-H 2 O absorption chiller with different operating conditions of external circuit flows (hot, cold, and chilled water) under design features have not been examined in detail before. A new computational procedure considering heat transfer characteristics of components has been created for comparative analysis of the whole LiCl-H 2 O and LiBr-H 2 O absorption chiller, something that is not well established for general application. The computation work in the absorption cycle will be greatly reduced by combining a new method with a computational procedure because it avoids complex iterative calculations of solution properties. In addition, the developed model in this paper can be extended to more absorption cycles using other working pairs to predict their performances with high accuracy and efficiency. Figure 1a displays the schematic diagram of a single-effect ARS and the process of the cooling effect generation driven by heat sources. For mathematical modeling of the system, its main components and state points are described using the pressure-temperature coordinates in Figure 1b . It involves two pressure levels: the generator (G) and condenser (C) operate at high pressure, and the absorber (A) and evaporator (E) work at low pressure level. The high temperature heat source (stream 11-12) adds heat in the generator to separate water vapor from the weak solution (stream 3). Then, the refrigerant vapor (stream 7) from the generator is condensed by the cooling water (stream [15] [16] in the condenser. Afterwards, the liquid refrigerant (stream 8) flows through an expansion valve (EV2) to the evaporator and vaporizes at the saturation temperature to absorb heat from the chilled water (stream [17] [18] . Subsequently, the refrigerant vapor (stream 10) is conducted to the absorber, where it is absorbed by the strong solution (stream 6) going through the solution expansion valve (EV1) and the whole process is cooled down by cooling water (stream [13] [14] . Finally, the low concentration solution at the outlet of the absorber (stream 1) is pumped to the generator via a solution heat exchanger (SHE). The pressurized solution (stream 2) is preheated in the SHE by the high-temperature strong solution (stream 4-5) coming from the generator. 
System Description

Mathematical Modeling
Model Assumptions
In order to conduct the theoretical analysis of the model, some assumptions were made [12, 19, [22] [23] [24] . First, it was assumed that the entire system ran under steady state conditions and all the thermodynamic variables were homogenous within each component. Then, the solutions flowing out of the generator and absorber were considered to be saturated in equilibrium conditions at their respective temperature and pressure. Also, the refrigerant leaving the condenser and evaporator were in a saturated phase at the corresponding pressure. In addition, the pressure drop and heat loss in the components of the system were not considered, and neither was the work of the solution pump. At last, fluids passing through the expansion valves were regarded as adiabatic and isenthalpic. Additionally, the reference system was taken at 25 • C and 1 atmospheric pressure.
Thermodynamic Formulations
For the thermodynamic analysis of an ARS, the principles of mass and species conservation, as well as energy conservation including performance criteria, were applied. Each component of the chiller could be treated as a control volume with its inlet and outlet streams. The general equations of these principles must be fulfilled in all the components, where more specifics are presented as follows.
Mass balance:
Species balance:
Energy balance:
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Equations (1) and (2) represent the mass and species balances applied to the component k (G, A, C, E, SHE) and ensure that the amounts of each substance j (LiBr, LiCl, water) entering into component k equal the total amount of j leaving k. The energy balance in Equation (3) reflects that the difference between the inlet and outlet energy flows of stream i add the heat supplied by external utility u must be equal to the work done by the component k. In these equations, m indicates the mass flow rate of stream i (kg·s −1 ), x denotes mass fraction of substance j in stream i (kg·kg −1 ), H is the energy flow rate (kW), Q refers to the heat transfer capacity (kW), and W represents power (kW).
According to Equations (1) and (2), the mass balance equation and species balance equation in the generator and absorber can be expressed as the following Equations (5) and (6), respectively:
m ws x ws = m ss x ss (6) The circulation ratio CR is an important parameter, which is defined as the ratio of mass flow rate of weak solution coming from the absorber to the mass flow rate of the refrigerant:
According to Equations (5) and (6), Equation (7) can be expressed as:
In the thermodynamic analysis of the absorption cycle, we focus on the relationship between the concentration and temperature of solution in the generator or absorber and temperature of water in the condenser or evaporator under relevant pressure. In order to simplify the calculation process, the Dühring equation is recommended for dealing with the equilibrium temperature t of a solution and the dew temperature t s at the corresponding pressure, shown as follows:
In the above equation, superscript K represents the Kelvin temperature scale, and a and b are the functions of solution composition. For LiBr-H 2 O and LiCl-H 2 O, a and b can be approximately expressed by a linear function of solution concentration in a moderately narrow concentration range. Then, Equation (9) can be rewritten as:
where a 0 , a 1 , b 0 , and b 1 are constants in the concentration range. 
where χ G is defined using:
Absorber:
where χ A is defined using:
Condenser:
Evaporator:
Solution heat exchanger:
In order to make it more precise for application, some empirical formulations used to describe the thermodynamic properties of working pairs are adopted by this model instead of constant values. The latent heat of evaporation and condensation in different temperatures are calculated from Wagner et al. [33] . The specific heat of LiBr-H 2 O and LiCl-H 2 O solutions are computed using the correlations of Patek and Klomfar [17, 18] .
The system energetic performance is represented in terms of COP. It is defined as the ratio of cooling capacity to the heat input and is presented in Equation (18) [19, 21] :
The Carnot coefficient of performance (COP c ) represents the maximum possible coefficient of the ARS, as shown in Equation (19) [34] :
By comparing the COP with COP c , the efficiency ratio is given as:
The exergetic efficiency of the chiller is the ratio of the exergy produced in the evaporator to the exergy supplied to the generator. It can be written as [21] : The heat transfer model of the heat exchanger in each component (k) can be described by the overall heat transfer coefficient-area product (UA) and the logarithmic mean temperature difference (∆t lm ), shown as follows:
In the above formula, the logarithmic mean temperature difference can be calculated conveniently with high-precision by employing Chen's approximation [35, 36] , which is described as a function of temperature differences between the hot and cold end, as shown in the following equation:
According to the energy balance equations shown in Equations (3) and (4), heat transfer rates of the main components can be expressed in terms of energy flow rates of external utilities, as in the following Equations (24)- (27) :
In this study, the rated cooling load of the absorption chiller was 50 kW. The effectiveness of heat exchanger was set at 0.7. To carry out the design of the absorption chiller, the temperature of each state point in the operating conditions should be determined at first. An absorption chiller contains three external circuit flows: hot water, cooling water, and chiller water. The states of these fluids are closely related to the actual environment, especially inlet temperatures. Once the inlet temperatures of external fluids are selected, temperatures of the other points can be typically determined by some increments or decrements. In accordance with References [22, 23, 34] , the design specifications applied in this paper for both systems are shown in Table 1 : After setting up these temperatures, the mass flow rate of each point, as well as the heat transfer characteristics and heat load of each component, could be determined from the above equations. In most studies, temperature differences between the fluids in Table 1 are treated as constant to research the operation performance of an absorption chiller, which is in fact at variance with the actual situation. In the next section, a new effective method has been developed to overcome this problem.
Calculation Procedure of Absorption Chiller under Design Features
In the control volume of the absorption chiller, heat transfers of components take place between the external circuit flows (hot, cold, and chilled water) and its internal circuit flows (the refrigerant and the LiBr-H 2 O/LiCl-H 2 O solution). It is more practical to evaluate the influences of external fluids on the absorption chiller. In order to build a model that could be commonly used, the heat transfer characteristics (UA) of all the components are assumed to be invariable within the entire operating range, just as in References [12, [37] [38] [39] . According to the research, selecting the design parameters is adequate to simulate the real situation with a good approximation because the overall heat transfer coefficients vary within a narrow range most of the time [12] . In particular for this study, the mass flow rates of the solution pump and external circuit flows are kept constant in an attempt to minimize its effects on the overall heat transfer coefficients, so it allows for comparison of the results obtained from the LiBr-H 2 O and LiCl-H 2 O absorption chillers. A computer program in Matlab language (Matlab R2014a, The MathWorks Inc., Natick, MA, America) has been made to carry out the simulation. Figure 2 shows a flow chart of the computer program (see in Supplementary Materials).
As shown in the simulation procedure, it contains a five-step iteration of different temperatures corresponding to the main components of the chiller. In this way, it is effective to describe the operation of chiller and evaluate the influences of external circuits on its overall performance. According to the studies on thermodynamic properties of the working pairs, the vapor pressure of solution (P) is calculated using an empirical formulation, which is described as the function of solution temperature (t) and mass fraction (x), i.e., P = f (t, x). In the mathematical modeling of the system, the vapor pressure of the solution equals to the saturation pressure of water in the condenser or evaporator, P = f (t s ). As a result, in the most cases, the temperature and pressure of solution are acquired to solve its mass fraction, x = f (P, t). The complex multivariable nonlinear equations hinder the iterative computation of the solution parameter immensely.
The method in this study using Dühring equation shown as Equation (10) completely avoids the problem and makes it much easier to deal with the relation between the solution temperature and mass fraction. Besides, in the heat transfer model, the logarithmic mean temperature difference is calculated using Equation (23) with a high accuracy. In this process, the logarithmic equation is converted into an algebraic equation, which provides a simple way to solve for the fluid temperature. Consequently, the developed method in this study will reduce the amount of computation compared with the conventional enthalpy-based calculation. In conclusion, the established model is efficient and convenient to predict the performance of an absorption chiller, especially for alternative working pairs without specific information. 
Results and Discussion
Validation of the Model
Results and Discussion
Validation of the Model
In order to validate the developed model, the simulation results are compared with related research reported by Anand and Kumar [40] and Kaushik and Arora [41] for a LiBr-H 2 O system, and Patel and Pandya [20] for a LiCl-H 2 O system. In the comparison, the values of input parameters (mainly the temperatures of the components and mass flow rate of the refrigerant) in the examined cases were identical. According to the references, for LiBr-H 2 O system, the input values were set as:
7, m r = 1 kg·s −1 . In the LiCl-H 2 O system, the parameters were as follows:
It was observed that the simulation results of the present work agreed well with the references' data and the differences between them were within ±1% for a LiBr-H 2 O system and ±3% for a LiCl-H 2 O system. In the two systems, the maximum difference percentage of heat capacity all occurred in the absorber (0.8% and 2.6% respectively), which produces no effect on COP. The details are presented in Table 2 . It proves that the calculation model is valid and reliable. 
Sensitivity Analysis of the Design Parameters
From the results and mathematical models in previous studies, it indicates that the performance of a single effect absorption system mainly depends on the selection of main design parameters such as absorber temperature t 1 , generator temperature t 4 , condenser temperature t 8 , evaporator temperature t 10 , and heat exchanger effectiveness [34] .
In this section, the sensitivity analysis of these parameters is conducted to examine the effect on LiBr-H 2 O and LiCl-H 2 O ARS performances. The method of control variables was employed for the sensitivity analysis, where one of the system parameters is varied while the other parameters were kept constant. The purpose of this simulation was to predict the most efficient pair and determine the operating temperature range. The results are shown in the following (see in Supplementary Materials).
Effect of Generator Temperature on System
Figures 3 and 4 present the variations of the coefficient of performance (COP) and efficiency ratio (η eff ) with generator temperature (t 4 ) in LiBr-H 2 O and LiCl-H 2 O systems. The system performance was analyzed under three different condenser and absorber temperature levels (32 • C, 36 • C, and 40 • C) in order to cover a greater range of operating conditions. In this process, the absorption temperature was set equal to condensation temperature (t 1 = t 8 ).
As shown in Figures 3 and 4 , it is obvious that the LiCl-H 2 O working pair displayed better performances than LiBr-H 2 O in the operating range of examined cases. It can be observed that both the COP and efficiency ratio value increased sharply with generator temperature initially, but COP tended to level off and even drops somewhat rather than show an apparent decline in the efficiency ratio curves with a further increase in generator temperature. Moreover, a lower condensation and absorption temperature led to a greater COP in the same generator temperature and the maximum value approximated to 0.8 for both working pairs. These curves reflect that there existed a minimum generator temperature in every case that brought about an adequate COP in the application of absorption system. Furthermore, it can be inferred that this minimum generator temperature was closely related to the maximum efficiency ratio of system, as the calculated results show.
In Figure 4 , each curve of the efficiency ratio in the two systems had almost the same tendency, no matter the limitations, just like the curves moving in the direction of generator temperature increasing, and there existed almost the same maximum values with 0.68 for LiBr-H2O and 0.7 for LiCl-H2O for an intermediate generator temperature for each curve. The reason for this maximum efficiency ratio is the system COPc increased with the generator temperature, but the COP curve almost flattened.
It is also useful to state that higher generator temperatures must match higher condensation and absorption temperatures because of the solubility limitation of the two working pairs. Although it has a greater performance than the LiBr-H2O system, the LiCl-H2O system is only allowed to operate in a much smaller range of working conditions, which primarily limits its application. Generator temperature impact on the efficiency ratio of absorption system under various condenser and absorber temperature levels (32 °C, 36 °C, and 40 °C) for the two working pairs (t10 = 7 °C, ε = 0.7).
Effect of Absorber and Condenser Temperatures on System
The effects of the variation in the absorber and condenser temperatures on the system COP and efficiency ratio are illustrated in Figures 5 and 6 . It can be observed that LiCl-H2O was the working pair with the higher performance but had an extreme operating range that was suitable only for higher condensation and absorption temperatures, and the performance declined significantly with the temperature increasing. Conversely, LiBr-H2O system was more adaptable for working conditions varying in a large range. When the generator temperature was kept at 80 °C, the LiCl-H2O absorption cycle could only run in the condenser and absorber temperatures range of 38- In Figure 4 , each curve of the efficiency ratio in the two systems had almost the same tendency, no matter the limitations, just like the curves moving in the direction of generator temperature increasing, and there existed almost the same maximum values with 0.68 for LiBr-H 2 O and 0.7 for LiCl-H 2 O for an intermediate generator temperature for each curve. The reason for this maximum efficiency ratio is the system COP c increased with the generator temperature, but the COP curve almost flattened.
It is also useful to state that higher generator temperatures must match higher condensation and absorption temperatures because of the solubility limitation of the two working pairs. Although it has a greater performance than the LiBr-H 2 O system, the LiCl-H 2 O system is only allowed to operate in a much smaller range of working conditions, which primarily limits its application.
The effects of the variation in the absorber and condenser temperatures on the system COP and efficiency ratio are illustrated in Figures 5 and 6 . It can be observed that LiCl-H 2 O was the working pair with the higher performance but had an extreme operating range that was suitable only for higher condensation and absorption temperatures, and the performance declined significantly with the temperature increasing. Conversely, LiBr-H 2 O system was more adaptable for working conditions varying in a large range. When the generator temperature was kept at 80 • C, the LiCl-H 2 O absorption cycle could only run in the condenser and absorber temperatures range of 38-41 • C, compared with 27-40 • C in the LiBr-H 2 O absorption cycle. Especially, the COP of the LiBr-H 2 O system kept basically in line at a high level close to 0.8 for all cases under a lower condensation and absorption temperature no matter the generator temperature changes. However, the curves of the efficiency ratio were clearly different, as shown in Figure 6 , because they were maximized for a specific generator temperature in every case. In the examined cases, the maximum values of the efficiency ratio were nearly the same, which was about 0.67 for the LiBr-H 2 O system and 0.70 for the LiCl-H 2 O system. 
Figures 7 and 8 depict the effect of the condenser or absorber temperature on COP and the efficiency ratio in both systems. It can be seen that a decrease in COP and the efficiency ratio occurred when increasing either of the temperatures. Moreover, the performances of both systems degraded more excessively in the high temperature zone.
Comparing the results of two working pairs from Figures 7 and 8 , it is shown that, for the LiCl-H2O pair, the absorber temperature was allowed a wide range when condenser temperature was set at 40 °C, which was not true for the absorber temperature. Therefore, a conclusion can be 
Figures 7 and 8 depict the effect of the condenser or absorber temperature on COP and the efficiency ratio in both systems. It can be seen that a decrease in COP and the efficiency ratio occurred when increasing either of the temperatures. Moreover, the performances of both systems degraded more excessively in the high temperature zone. reached that the condenser temperature had the greater impact on the LiCl-H2O system. If the condenser temperature was too small, the system had operating trouble because the concentration of strong solution got larger, which led to solution crystallization. On the other hand, the concentration of strong solution became lower with the condenser temperature increasing, which brought about the solution cycle ratio increase at a constant cooling capacity, and eventually resulted in the degradation of system performance for the heat load of a generator rising rapidly.
There also existed a maximum value in each of the efficiency ratio curves and the corresponding temperatures in LiCl-H2O system were higher. This suggests that the LiCl-H2O working pair was superior to LiBr-H2O under the condition with a relatively higher condenser or absorber temperature. However, both of the systems were sensitive to overly high temperatures in the condenser or absorber, and the performance declined sharply. As such, the cooling water temperature should be strictly controlled to maintain a proper condenser and absorber temperature. Energies 
Effect of Evaporator Temperature on System
The variations of COP with evaporator temperature in the two systems are shown in Figure 9 . It can be seen that the COP of both systems increased with evaporator temperature, but the growth rate was weakened and all the values approached 0.8 eventually. At this point, it is also important to state that a higher generator temperature was demanded to generate a lower evaporator temperature effect because the cooling production was harder to be achieved with low grade energy. Moreover, the COP was greater in the higher generator temperature at the same evaporator temperature level.
In Figure 10 , it can be seen that each curve of the efficiency ratio had a maximum value according to the generator temperature level. To explain the maximum points of the efficiency ratio curves, a higher evaporating temperature or generator temperature level led to a higher COPc according to Equation (19) and the growth rate of COPc was greater than COP with the evaporating temperature increasing for each curve. At the higher evaporator temperature condition, the COPc played the dominant role in the efficiency ratio because the COP values were almost the same in these cases. Comparing the results of two working pairs from Figures 7 and 8 , it is shown that, for the LiCl-H 2 O pair, the absorber temperature was allowed a wide range when condenser temperature was set at 40 • C, which was not true for the absorber temperature. Therefore, a conclusion can be reached that the condenser temperature had the greater impact on the LiCl-H 2 O system. If the condenser temperature was too small, the system had operating trouble because the concentration of strong solution got larger, which led to solution crystallization. On the other hand, the concentration of strong solution became lower with the condenser temperature increasing, which brought about the solution cycle ratio increase at a constant cooling capacity, and eventually resulted in the degradation of system performance for the heat load of a generator rising rapidly. There also existed a maximum value in each of the efficiency ratio curves and the corresponding temperatures in LiCl-H 2 O system were higher. This suggests that the LiCl-H 2 O working pair was superior to LiBr-H 2 O under the condition with a relatively higher condenser or absorber temperature. However, both of the systems were sensitive to overly high temperatures in the condenser or absorber, and the performance declined sharply. As such, the cooling water temperature should be strictly controlled to maintain a proper condenser and absorber temperature.
In Figure 10 , it can be seen that each curve of the efficiency ratio had a maximum value according to the generator temperature level. To explain the maximum points of the efficiency ratio curves, a higher evaporating temperature or generator temperature level led to a higher COP c according to Equation (19) and the growth rate of COP c was greater than COP with the evaporating temperature increasing for each curve. At the higher evaporator temperature condition, the COP c played the dominant role in the efficiency ratio because the COP values were almost the same in these cases. 
Effect of Effectiveness of Solution Heat Exchanger on System
Figures 11 and 12 present the system performance in terms of COP and efficiency ratio varying with the solution heat exchanger effectiveness in the two systems. It can be seen that the effectiveness of the solution heat exchanger had a great impact on the system performance, especially at the lower generator temperature. This makes sense because the higher solution heat exchanger effectiveness improved the heat transfer between the generator and absorber and decreased the outside heat input and dissipation. Besides, LiCl-H2O system had a great advantage 
Figures 11 and 12 present the system performance in terms of COP and efficiency ratio varying with the solution heat exchanger effectiveness in the two systems. It can be seen that the effectiveness of the solution heat exchanger had a great impact on the system performance, especially at the lower generator temperature. This makes sense because the higher solution heat exchanger effectiveness improved the heat transfer between the generator and absorber and decreased the outside heat input and dissipation. Besides, LiCl-H 2 O system had a great advantage over LiBr-H 2 O at a lower generator temperature level, and the results agree with previous conclusions. The performances of the two absorption cycles go up steadily with the heat exchanger effectiveness increasing, but to a markedly larger extent in the higher section. The tendency of the efficiency ratio is similar to the COP curve because the COP c value was nearly at 1 in all examined cases. With the increase of the generator temperature, the gap between the two systems diminished. It is also obvious that the temperature of the weak solution leaving the solution heat exchanger decreased as the effectiveness rose, which indicates that the chances of solution crystallization increased.
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Analysis of the Two Absorption Chillers at Off-design Conditions
In the actual operation of a designed absorption chiller, the working conditions of the external circuit flows varies with the ambient conditions and the performance and each state point parameter of the chiller will change. Thus, it is necessary to examine the influence of the external circuit flows on the chiller and observe its regularity for practical application. In this work, the approach for the cycle simulation was carried out to establish a set of state points of the system and change the relevant parameters of external circuit fluids around it. Furthermore, the design features, particularly the heat transfer characteristics of the heat exchangers, had a decisive effect on the absorption chiller performance. The operating parameters of all the state points used for the initial values of simulation are listed in Table 3 . From the above operating parameters of each state point, standard working conditions of the two absorption chillers can be obtained from thermodynamic analysis, such as heat capacity (Q) and heat transfer characteristics (UA) of each component, as presented in Table 4 . It can be seen that the heat load in the condenser was slightly higher than that in the evaporator and that was also higher for the generator and absorber. This was primarily due to the superheating vapor in the generator and condenser compared with the saturated vapor in the absorber and evaporator. The highest heat transfer rate occurred in the generator that was approximately 71.12 kW for LiBr-H 2 O and 68.49 kW for LiCl-H 2 O. As a result, the LiCl-H 2 O system had a higher COP than the LiBr-H 2 O system for the same design parameters. Figure 13 shows the variation of COP and exergetic efficiency with hot water inlet temperature. The COP curves of both chillers increased in the first stage but degraded a little after an intermediate temperature of about 98 • C for the LiBr-H 2 O system and 83 • C for the LiCl-H 2 O system, which were also the maximum values. However, the exergetic efficiency of the chiller was negatively affected by the increase of the heat source inlet temperature, dropping from about 0.25 to 0.18 for the LiBr-H 2 O system and 0.27 to 0.21 for the LiCl-H 2 O system in their own operating ranges. LiBr-t 1 LiBr-t 4 LiBr-t 8 LiBr-t 10 LiBr-t 12 LiBr-t 14 LiBr-t 16 LiBr-t 18 Figure 13 . Variation of COP and exergy efficiency with the hot water inlet temperature for the two absorption chillers.
According to Figures 14 and 15 , the inlet temperature of the heat source started from 70 • C and rose to 110 • C, but LiCl-H 2 O system ends up at 92 • C due to a crystallization problem. With the increase in inlet temperature of the heat source water, the exit temperatures of the internal and external fluids in the main components showed close to linear growth except in the evaporator for both chillers. This was because temperatures of the refrigerant and the strong solution at the outlet of the generator increased as the heat source temperature went up, which led to the average temperatures of both condenser and the absorber increasing. Thus, for the two components, the temperature differences of heat transfer between the solution and water increased under the inlet cooling water being constant, which resulted in heat transfer rates of these components improving. As a consequence, the exit temperatures of the cooling water in the condenser and the absorber increased with constant mass flow rates and inlet temperatures. Besides, the increase of the refrigerant quantity augmented the cooling capacity in the evaporator, which accounted for the temperature of the outlet chilled water decrease because the mass flow rate and inlet temperature of chilled water were invariable. According to Equation (22) , the evaporating temperature decreased eventually and also caused the corresponding low pressure level.
When the inlet temperature of the heat source water increased by 1 • C, the cooling capacity of the chiller increased by ≈1.2%-4.1% for the LiBr-H 2 O system and ≈1.9%-3.9% for the LiCl-H 2 O system, and the higher the temperature of the heat source, the slower the growth rate of the cooling capacity. LiBr-t 1 LiBr-t 4 LiBr-t 8 LiBr-t 10 LiBr-t 12 LiBr-t 14 LiBr-t 16 LiBr-t 18 
Effect of Cooling Water Inlet Temperature in Absorber and Condenser
It can be ascertained from Figure 16 that cooling water between the condenser and absorber severely affected the performance of both absorption chillers. The LiCl-H2O system could not operate at a lower cooling temperature than 26 °C. The COP and exergetic efficiency displayed an initial steady degression, but plummeted when the inlet temperature of the cooling water passed 41 °C. This was mainly because the cooling capacity slipped to a smaller value and descended quickly compared to the heat input at the generator as the inlet temperature rose. In the meantime, it can be observed from Figures 17 and 18 that the temperatures of components all displayed an upward 
It can be ascertained from Figure 16 that cooling water between the condenser and absorber severely affected the performance of both absorption chillers. The LiCl-H 2 O system could not operate at a lower cooling temperature than 26 • C. The COP and exergetic efficiency displayed an initial steady degression, but plummeted when the inlet temperature of the cooling water passed 41 • C. This was mainly because the cooling capacity slipped to a smaller value and descended quickly compared to the heat input at the generator as the inlet temperature rose. In the meantime, it can be observed from Figures 17 and 18 that the temperatures of components all displayed an upward trend while the heat duties of all components were completely the opposite. The reason will be explained as follows. 
Effect of Chilled Water Inlet Temperature in Evaporator
The effects of the inlet temperature of chilled water in the evaporator on the performance of both absorption chillers are illustrated in Figures 19-21 . It can be seen that the COP and heat capacities of all the components present a linear growth, as well as the evaporator temperature, which is exactly contrary to the tendency of the exergetic efficiency and the solution temperature at the exit of the generator. Likewise, the temperatures of the absorber and condenser were much the same for both systems and increased slightly with the inlet temperature of chilled water, which were a little higher for the absorber temperature.
In order to explain them, the effect of the chilled water on the evaporator should be investigated first. It was not difficult to find that the evaporation temperature increased with the inlet temperature of chilled water for considering the evaporator as a heat exchanger when the average temperature of the hot-fluid side rose under the constant mass flow rate and heat transfer characteristic. Therefore, the evaporation pressure increased along with the absorption pressure, which promoted the ability of the vapor absorption of a strong solution in the absorber, consequently reducing the mass fraction of the weak solution. In addition, the condensation temperature showed an upward trend with the chilled water inlet temperature rising, which resulted in the mass fraction of the strong solution decreasing because of the decline in the generator temperature and restriction of the Dühring rule in Equation (10) . However, the concentration decrement of the strong solution was less than the weak solution, which caused the deflation ratio of the chiller to increase and the solution circulation ratio to decrease, therefore producing a greater quantity of refrigerant vapor in a cycle. This was the reason for the increase in the condenser and evaporator heat loads. For the absorber and generator, to generate the vapor or absorb the refrigerant accompanied with the phase change involved a considerable heat transfer in the process that was more than the same amount of liquid solution. Thus, an increasing of refrigerant quantity yielded to the heat loads in the absorber and generator augment as the mass flow rate of the solution pump remained constant.
Unlike the previous situations, in this case, the temperatures of the solution exiting from the absorber and generator presented an opposite trend according to the calculations, which showed an upward trend for the former and downward for the latter. The reason was that the temperatures of weak and strong solutions were closely related to the heat capacities of the absorber and generator, In the first place, the working conditions of the absorber and condenser were directly affected by the inlet temperature of the cooling water. On the one hand, the weak solution temperature of the absorber increased with the inlet cooling water temperature increasing, which led to the increase of the mass fraction of the weak solution. On the other hand, the condensation temperature went up due to the enhanced heat transfer with the cooling water, and also the corresponding condensation pressure, causing a reduction of the strong solution concentration. As a result, the circulation ratio of the solution increased while the mass flow rate of the solution pump remained constant, resulting in the reduction of the refrigerant quantity and eventually the condensing and cooling capacity decreased. Consequently, the heat duties of the generator and absorber declined due to a lower solution circulation ratio; therefore, the temperature difference between the inlet and outlet temperature of the external circuit water decreased under the condition that mass flow rates were unchanged.
The rate of decrease in the cooling capacity was within 10% for the LiBr-H 2 O system with cooling water temperatures between 12 • C and 41 • C in comparison to the LiCl-H 2 O system between 26 • C and 41 • C; otherwise, the rate dropped dramatically above this range and even more than 40% at the highest temperatures.
Unlike the previous situations, in this case, the temperatures of the solution exiting from the absorber and generator presented an opposite trend according to the calculations, which showed an upward trend for the former and downward for the latter. The reason was that the temperatures of weak and strong solutions were closely related to the heat capacities of the absorber and generator, which mainly depended on the solution circulation ratio, but more importantly, the specific mass flow rate of each state point played a crucial role.
In both circumstances, the increased rate in cooling capacity was about 2-3% • C −1 with the inlet temperature of chilled water rising and ranged between 10 • C and 25 • C for the LiBr-H 2 O system in comparison to the LiCl-H 2 O system between 12 • C and 25 • C. The COP increased from 0.68 to 0.77 for the LiBr-H 2 O system and from 0.72 to 0.79 for the LiCl-H 2 O system, whereas the exergetic efficiency of both chillers presented a downward trend with an increasing decrement in the range of ≈5-22% • C −1 . In addition, the COP or exergetic efficiency gap between the two chillers shrunk.
In this section, the effects of a single change in the inlet temperature of the external circuit flows have been researched. From all of the above calculation results, something in common can be observed, which is that the temperatures of the fluid exiting from components of two chillers were almost the same as each other. This shows that the difference of heat duties in the same component of two chillers was mainly up to the thermodynamic properties of the solution, especially for the generator and absorber. That is why the LiCl-H 2 O was superior to LiBr-H 2 O in performance, but limited in application. which mainly depended on the solution circulation ratio, but more importantly, the specific mass flow rate of each state point played a crucial role. In both circumstances, the increased rate in cooling capacity was about 2-3% °C −1 with the inlet temperature of chilled water rising and ranged between 10 °C and 25 °C for the LiBr-H2O system in comparison to the LiCl-H2O system between 12 °C and 25 °C. The COP increased from 0.68 to 0.77 for the LiBr-H2O system and from 0.72 to 0.79 for the LiCl-H2O system, whereas the exergetic efficiency of both chillers presented a downward trend with an increasing decrement in the range of ≈5-22% °C −1 . In addition, the COP or exergetic efficiency gap between the two chillers shrunk. In this section, the effects of a single change in the inlet temperature of the external circuit flows have been researched. From all of the above calculation results, something in common can be observed, which is that the temperatures of the fluid exiting from components of two chillers were almost the same as each other. This shows that the difference of heat duties in the same component of two chillers was mainly up to the thermodynamic properties of the solution, especially for the generator and absorber. That is why the LiCl-H2O was superior to LiBr-H2O in performance, but limited in application.
Conclusions
In this study, the use of LiBr-H2O and LiCl-H2O working pairs in the absorption refrigeration system were investigated from two aspects with multiple evaluation criteria. First, a novel calculation model was developed to investigate the performance of a single effect ARS and the model was validated with the available data in the literature. The effect of various design parameters was examined using energy and efficiency analyses. Second, the LiBr-H2O and LiCl-H2O 
In this study, the use of LiBr-H 2 O and LiCl-H 2 O working pairs in the absorption refrigeration system were investigated from two aspects with multiple evaluation criteria. First, a novel calculation model was developed to investigate the performance of a single effect ARS and the model was validated with the available data in the literature. The effect of various design parameters was examined using energy and efficiency analyses. Second, the LiBr-H 2 O and LiCl-H 2 O absorption chillers with a capacity of 50 kW were designed with the same parameters. Then, the computer program of the absorption chiller was established to examine its performance under off-design external temperature conditions based on energy and exergy analysis. The main conclusions that can be drawn are as follows.
The COP and efficiency ratio in both systems increased with the generator temperature when the condenser and absorber temperatures were kept constant, but further increases brought down the efficiency ratio instead of being straight and level as for the COP. Lower temperatures of the condenser and absorber led to a higher COP and efficiency ratio, as well as their maximum values, consequently reducing the optimum generator temperature. The COP of both systems increased with evaporator temperature, but the growth rate weakened and all the values approached 0.8 eventually.
The variation of the generator temperature was limited as an upper bound by condenser temperature for the strong solution crystallization after the solution heat exchanger. The lowest generator temperature of the weak solution was decided by the absorber and evaporator temperatures. As a consequence, for better performance, a higher condensation or absorption temperature is more appropriate with a higher generator temperature, and vice versa for a lower evaporator temperature.
The studies on off-design conditions indicate that the inlet temperature of hot water with an optimum COP of the chiller was about 98 • C and 83 • C for LiBr-H 2 O and LiCl-H 2 O, respectively. However, the exergetic efficiency of the absorption chiller was negatively affected by the increase of the heat source temperature. In addition, the influences of the cooling water inlet temperature between the condenser and absorber on the performance were remarkable for both absorption chillers. The COP and exergetic efficiency degraded dramatically when the cooling water temperature was over the 41 • C for both chillers. With the inlet temperature of the chilled water rising, the cooling capacity of both chillers increased with the rate about 2-3% • C −1 and the COP also increased, but this was opposite to the case of the exergetic efficiency.
The final conclusion of this study is that the LiCl-H 2 O system has great limitations for practical application due to the crystallization problem though it performed better than a conventional LiBr-H 2 O system under identical operating conditions. Compared to the LiBr-H 2 O system, a LiCl-H 2 O system is more appropriate for the situation where it is provided with a somewhat lower generator temperature or higher condenser temperature. After all, the diversity performances of the two working pairs depended on their own thermodynamic properties.
